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REPORT ~0. 18%

RELATION OF FUEL-AIR RATIO TO ENGINE PERFORMANCE.

By STMJXOOD W. SPARROW.

SUMMARY.

The purpose of this investigation was to ascertain from e@ne tests the answers to t-he
follow@ questions:

(1) T7hat gasoline-air ratio gi+es maximum powsr 3
(2) Is the value of this ratio appreciably affected by such cha~es in air pressure or tem-

perature as are encountered in flight?
(3 j ‘iThat percentage of its maximum power does an en@ develop when supplied with a

mixture gi-ring minimum specific fuel consumption ?
This report was prepared for publication by the National Ad-risory Committee for &ro-

nautics and the tests upon which it is based were made at the Burezu of Standards between
October, 1919, and May, 1923. From these it is concluded that: (1) with gasoLine as a fuel, maxi-
mum power is obtained with fuel-air mixtures of from 0.07 to 0.0S pounds of fuel per pound
of air: (2) maximum power is obtained with approximately the same ratio over the range of
air pressures and temperatures encountered in E&hk; L3) nearly minimum speci& fuel consump-
tion is secured by decreasing the fuel conlent of the charge until the power is 95 per cent. of its
maximum wilue.

Presumably this information is of most direct yalue to the carburetor engineer. A car- -
bureter shotid supply the engine with a suitable mixture. This report discusses what mixtures
ha-re been found suitable for various engines. It also furnishes the engine designer with a
basis for estimating how much greater piston displacement an engine operat~~ with a maxi-
mum economy mixture should ha-re than one operating with a maximum power mixture in
order for both to be capable of the same power development.

INTRODUCTION.

Of the pubhshed information on the relation of fuel-air ratio to engine performance, little
has been derived directly from tests of ati~tion engines. Nor have many tests been made at
low- air pressures and temperatures, conditions of major importance from an aviation standpoint.
Much of the information that. does relate directly to aviation problems is contained in Technical
Reports Nos. 4S, 49, and 10S of the National A.dtiory Committee for Aeronautics. The titles
md authors of these reports are given in the bibliography.

Measurements of engine performance with various fuel-air ratios ha-re been obtained in the
course of tests of atiation en=ties in the altitude laboratory of the Bureau of Standarc{s. In
most instances these tests were not. made primaril~ to in-restigate the effect of .cha~~es in fuel-
air r~tio, and hence the range of titures studied -was sometimes rather narrow. In general
howe~er, the information covers a wide range of fuel-air ratios, a& pressures, air temperatures,
e~~ine speeds, and en@e loads. Moreovw, such data ha~e been obtained from tests of”sewral
engine types. It is belie~ed that an analysis of the above-mentioned dati ~ contribute
mat~rid..ly to existi~~ knowledge of the relation between fuel-air ratio and engine performance.
The following report is the result of such an analysis.
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FUEL-AIR RATIO AND ENGINE PERFORMANCE.

What gasohw-air ratio gives rn.azhuri pouxr?-In adjusting the carburetor to obtain
maximum power, the following method was employed. First the mixture was altered until
approximately maximum power (for the chosen set–of conditions) was obtained. As will km
shown later values of power within 1 per cent of the maximum are obtained over a wide range
of fuel-air ratios. Hence little difficulty was experienced in obttiining n mixture to give
approximately maximum power. The next step was to find ihe leanest-mixture with which this
power could be developeci, To accomplish this the mixture was made so lean as to cause s.
material decrease in power and then enriched just sufficiently for maximum pow’er to be regained.

This method of adjustment is that usually employe-d in engine performance tests when there
is time for operating with but one fuel-air ratio at each condition of engine speed, load, etc.
The table of fuel-air ratios immediately following is based very largely upon Ilata obtained in
this fashion,

W%en time permits, it is prefertible to follow the “mixture ratio run” method rat]ler than
to depend upon a single adjustment for maximum power, Runs of this type are made in the
following manner. A series of runs is made with all controlled conditions maintained the same
except the fuel-air ratio and the engine torque. Such a se~ies shows the power imd specific
fuel consumption for various fuel-air ratios. Ordinarily sufficient measurements of friction
horsepower are obtained to permit the indicated horsepower (brake horsepcwrer + friction
horsepower) corresponding to my brake horsepcnver measwements to be calculated.

TABLE 1.

1 1 i

1“”-””””-’:”Mixture ratio giring maximum ;
power,

Engine data. R. P. M. \
1-

.1 Pound gasoline Pound air
~ per pound air, ~a~ohe ;per pound

I l—--+ I I
8 cyIinders-bore 4.72 in., stroke 5,12in..., . . . . . . . . . . . . .

[’
8 cylinders—bore 5.51h., stroke 5.91in . . . . . . . . . . . . . . . ...1

12cyllnders-bore 5.Ktin., stroke 7.04in . . . . . . . . . . . . . . . . .
{

6cylinders–bore 6.50in., stroke 7,09in . . . . . . . . . . . . . . . . . . .

I

6cylindcrs-bore 5.93iu., stroke 7.09in . . . . . . . . . . . . . . . . . .

.I{
f

12cylinders-bore 6.62in., stroke 7,5 in....”. . . . . . . . . . . ...}

~

6cylinders-bore 6.62in,, stroke 7.a m .. . . . . . . . . . . . . . . . ..i.,

1I(

8cylinders–bore 5.51in,, stroke 5.91hr . . . . . . . . . . . . . . . . . . .

j

$MM\o.:;:m7~o.ml ] E3:lto,,:,
.067:1 13.5:lto15:l

:~} .0S3:lt.cl .071:1 I 12:1 to 14:1
1;ow
l,ml ;
1>400

}

.083:1 to .071:1 12:lt014:l
I,ow
1,003
1,203.
1,w

I
.077:1 to .071:1 13:1 to 14:1

~,O@
1,m ~
1,6+)0,
1,Km

1
.0S3:1 to .067:1 L2:lt0M:I

&g }

1,202 I
1,403 ~

I
.071:1 to .059:1 11’i:lt)17:l

k% I
1,600,
1,S420

1

.073:1 to .070:1 .
2,000 ,

,13.18014:1

I I———. . L I

I It seems-improbable that maximum power should have been obtaind with a mixture of 0,059pound
fuel per pound air not because th~s ~a!ue ~ sg much .Ieaner than any of the othe~s shown here but because
it is considerably leaner tl .
because no particukr irrcon

The value is included
her eugineshaving very

large cylinders have shown :.’, , lean mkzturcs.

The information given in Table I is in part composed of results obtained frorn~mixture
ratio runs. The resuIts obtained by both methods are in close agreement and it is probable
that differences even between engines of the some “type overshadow errors likely to result from
the use of the first method described. From results -to date it is concluded that ordinari~y
maximum power, at least-in so far m a~iation engines are concerned, is obtained with gasoline-
air ratios of between 0.07 and 0.08 pounds of fuel per pound of air (12.5 to 14,5 pounds of air
per pound of fuel).
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Is a constant ratio of fuel to air desirable over the range Qf air pressu~es encountered in$ight ?—
The answer to this question is “ 17ss,” judged by results of mkture ratio runs with several ena@nes
over a wide raruge of conditions of engine operation. This statement is believed to be true
whether the desired condition is rnatium power or minimum specific fuel consumption.*
There are Iess data in this report as to the latter condition because in many of the tests the
carburetor did not furnish a.mixture lean eno~ah to permit. minimum specific fuel consumption
to be obtained.

Figure 1 shows a typical group of mixture ratio curves at. entrance air pressures correspond-
ing to altitudes ran=@ng from sea le~el to 3cI,000 feet.. In this group of curves the range of
mixtures was Limited by the carburetor rather than b-y the inability of the engge to operate
at. mixtures richer or leaner than those shown. From this figure it appears that approximately
the same fuel-air ratio gives maximum power z over the ra~me of pressures in-reitigat ed. Inas.-
rau :h as within one per cent of maximum power can be obtained over a wide range of fuel-air
ratio:, the selection of the rmixturq ratio ~viqg ma.xi.mum power from curves such as those
given in Figure 1 is somewhat uncertain. - Ob~ousIy, if th~ power
remains approximately the swge over a given range of fuel-air ratios
then the specific fuel consumption wiIl vary almost directly as the
fuel-air ratio. Hence; the specific fuel consumption at maximum
power mixture ratios is ~ery sensitiv-e to changes in tixture ratio.
.$ satisfactory method for deterrnin@ whether or not the same fuel-
air ratio is desirable o-rer a given range of conditions would appear
to be the folIowing. Prom a group of curves such as shown in
Figure 1 seIect the fuel-air ratio that appears to give maximum povier.
~\Te.xtnote the variation in specific fuel consumption (from curves
similar to Figure 1 but with specific fuel consumption plotted -rersus
fuel-air ratio) with this fuel-ak ratio over the range of conditions
iuwstigated.

If over this range the same fuel-a.ir ratio gives essentially the
same specific fuel consumption it, would seem justitlable to conclude
that the same fuel-air ratio is desirable. F~ures 2, 3, 4, 5, 6, and 7
show results obtained in this f asbion. These show the effec% of
changes in entrance air pressure for about 30 conditions of en@ne
speed, load, compression ratio: etc. .Jh a very few instances there
appears to be a consistent increase or decrease in specific fuel con-
sumption -with change iW entrance air density (at a constant air
temperature). ~Nearly aLI,however> show no appreciable increase or
decrease. From the information just presented it -would appear that
a constant ratio of fuel to air is desirable over the rawe of entrance

.05 .07 .09 i. F
fzg.f Lb fudper lb air

.

Test on S-cylinder engine, bore 4,72
fnches, stroke.5.12inches.

air rwessures studied.
Is a constant ratio of fuel to air desirable over “the range of entrance air ternperatu:res

*

encounteTed in jliglit ?—Again the answer is “Yes,” so lo~~ as the fueI is aviation gasoline and
the temperature range no greater than that studied in these experiments. Figure 8 sho-ive a
typical group of curves obtained from tests at several air temperatures. Niiety-fi~e per cent
of maximum power is seen to have been developed with nearIy the same fuel-air ratio over
the range of air temperatures investigated. The signi5cance of this appears when it is shown
later that ordinarily minimum specific fueI consumption results from impoverishing the mixtum
sufEcientIy to cause a 5 per cent decrease in po~er. An analysis of a large number of tests

ISpeciiic fueI consumption is expr~ed as pounds oi fuel per indicated horsepower hour or as Fcunds of fuet ~er brake horseFOwer horrr.
*At constant engine speed, horsepower = ICx mean effectire pressure. The -iafue of E ean be calculated ‘whenthe engine weed emd piston

dkpfacement are known.
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covering a temperature ra~ve of from – 20° to + 40° c. shows ma..ximum povier to be obtained
with appro.tiately the same fuel-air ratio at each temperature. Similar results have been
found in tests of motor-car engines using much less volatile fuels.’ The volatility of the fuel is
in reaIity the determining factor in this question. A constant
fuel-air ratio is desirable only so long as a change of air tempera- .S

,,~ km

ture does not change appreciably the relative quality of the mix- ~
ture supplied to the various cyIinders or the amount of fuel that
has been vaporized at the time the compression stroke is compIeted Q g~ 99+ +x. pov(er

Q 130 ~~, ,
When this is not. the case the mixture ratio shouId be changed - -p”c

p
when the temperature changes in order to compensate as far as $;: ~flll L-
possible for the change in vaporization or distribution that has
taken place. [,~. ~-f”q jfj_

In so far as aviation -work is concerned the conclusions cover { ~lo ~
a somewhat wider range of temperatures than the actual values ,,m Ml# $X:
would indicate. At a.n altitude of 25,000 feet the average air tera ~
perature is – 2’S0C., somewhat lower than the temperature usually

A\ ~ w+T&

reached in these experiments. Howe-rer, tests were made at – 20”
~: -h:-C. at an altitude of 5,000 feet, and a fuel vaporizing under these ~//o

conditions would -raporize as completel-y at a considerably Iower Q Ill
temperature at the lower pressures preva~~ at 25,000 feet. The $ :05 .07 .09 [.[ .

explanation for this lies in the fact that for a given ratio of fuel
~ FIg.8Lb fuefper [bair

vapor and air the ratio betme~ the pressure of the vapor in the ‘r=tOn%Yli5&rw@e, MW 4.72inches

charge after complete ~aporization and the pressure of the air stroke 5.12 inches.

remains constant regardless of what the pressure of the air actuaIly is. .$t ~~,ooo feet, a]ti-

/00 80
~,a

$

g -4700
80 60 40 PO

$Fig.9 Tofol pressure, cm OF Hg.

Fuel characteris[im of domestic atiation gasoline (from Wifson and
Barnard} .

tucle the pressure of the air is much lower than
at 5,000 feet. Hence the vapor pressure will
be lomer and compIete vaporization can take
pIace at correspondingly Iovier temperatures.
This VW be evident, from Figure 9. The lower
full-line cum-es sho-rr initial condensation tempera-
tures for two fuel-air ratios pIotted against total
pressure. The dash Line shows nverage air tem-
peratures at various barometric pressures (alti-
tudes). For a fuel-air ratio of 0.0s3 the con-
densation temperature at a total pressure cor-
responding to an altitude of 5,000 feet is – 3° C.,
-whiIe for a pressure corresponding to an altitude
of 25,000 feet it is – l~” C. Inasmuch as the
difference between these temperatures is 14° C.
it, seems en,tidy justifiable to conclude t-hat
-vaporization at – Z3° C. at 25,000 feet altitude
moulcl be no “less complete” than at. – 20° C. at
5,000 feet. Hence it is believed thafi the results
here presented cover average conditions between
sea ]eve] and 25,000 feet.

In connection with the above discussion it
is of interest to consider whether valorization

tends to become more or less Comp]ete as the altitude is increased. .$ decrease in ai pressure
and a decrease in air temperature are the two major consequences of an increase in altitude.

~Intake 31anifold Tempemtms rmd Fuel Econ~y, by H. C. Dictiscn, W_.S. Janms, and S. W. ~ramow.
E mgineers iiuegxst,19:0.

Journal of Society of Automctir e
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The former tends to make vaporization more complete, the latter to make it less complete.
Their com-bined effect can be inferred from Figure 9, Initial condensation temperatures have
been taken from Wilson and Barnard.’ At a pressure corresponding to an altitude of 25,000
feet initial condensation temperatures are about- 20° C. lower than at sea-level pressure. The
actual decrease in temperature for this same change in altitude is given by the dash line as
46° C., more than twice as great. Hence under normal conditions vaporization tends to become
less complete as the altitude is increased. As has beefsho-ivn, with fuck and engines no worse
than present-day types, this tendency does not manifest itself to an extent demanding any
material enriching of the mixture over the range of altitudes investigated.

one must not lose sight of the distinction between constant fuel-air ratio and a constant
carburetor acljustiment. To obtain the former the earl.mreter adjustment must be manipulated
very frequently in present-day carburetors. The first problem that confrcrnts the carbure ter
engineer is to provide a carburetor capable of being adjusted under any condition of operation
to give the desired mixture. Having accomplished this he can then bend his energies toward
a reduction in the number of such adjustments that must be made in order to maintain the
desired fuel-air ratio.

What percentage of its maximum power does an engine develop when its specijk fuel cmwump-
tion is a rniwimum? —The chemical combining ratio of a hydrocarbon fuel and air is understood
to be a ratio such that the products of complete comb-fistion ari carbon dioxicle and water with
no carbon monoxide or oxygen. As is -well known, maximum ‘engine power is obtained when
the fuel-air ratio is in excess of, and minimum specific fuel consumption when the fuel-air ratio
is less than, that giving the proportions for chemical combination. This can be attributed
in part at least to imperfect mixing. ./m excess of fuel is necessary to the complete utilization
of the air, while an excess of air permits complete utilization of the fuel. To obtain maximum
power the air should be utilized completely. To obtain minimum specific fuel consumption
the fuel should be utilized completely.

Tizard and Pye ‘ have made a much more compiete analysis of this problem than will he
attempted here. From the conclusions they have reached it appears that even with perfect.
mixing maximum power should be expected with a mixture richer, and mihimum spectilc fuel
consumption with one leanerl than the so-called chemical combining ratio.

Before passing to the curves mention might be made of a phase of the relation betweem
mixture ratio and power that has often caused confusion. As a basis for discussion assunw ●

the products of combustion of a rich mixtur~ to be carbon dioxide, carbon monoxide, and water.
Table II ‘ shows for typical hydrocmbon fuel the percentage of available energy per pound of
fuel for mixtures of several degrees of richness. It is apparent that the energy avdable theo-
retically per pouncl of fuel must decrease when the mixture is made richer than that theoreti-
cally giving complete combustion, The energy available depends upon the amount of air
present as well as upon the amount of fuel. Supplying excess fuel, since it does not increase
the amount of air, does not increase the total amoun~ of energy av-ailab~e and hence must de-
crease the energy available per pound of fuel. It will be observed that when the fuel content
of the charge is 50 per cent in excess of the theoretical combining ratio there is a decrease of
nearly .50 per cent in the availaMe energy. At first glance this appears in marked contrast
with the comparatively small decrease in engine power that results from using a mixture of
this degree of richness.

,=
4 Further Data on the Effeetive Volatility of Motor Fuels, by Robt. E. Wilso;%d Daniel I’. Barnard, 4th. Journal of %ciety of A-Ut&30ffW

Engineers, March, 1923. Tha actual vafrres there given have been questioned by some writers, (See paper presented by Grnse at Ncw Haven
meeting ofAmerican Chemfcal Scciety in April, 1923.) The disagreement as to actual wdues dwsnot extend%o the chanfc in condensation tempera-.
W& with change in pressure which k the point of interest in this disms$ion.

6 The Oharacter of Various FueIs for Internal Combustion Engines, by H. ‘f!.Tizard and D. R. P ye. The Automobile Engineer, February, _
March, Aprif, 1921.

$Taken from The Economical Utilization of Liquid Fuel, by C. A. N&man, Bulletin No. 19 of the engineering experiment station of the
Ohio State University.
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TABLE II.

Pound fuelperpaund e.ir. . . . . . . . . . . . . . a lIXI 0. 09; o.Us3 0.077 0.071 0.C6:
Pwmdseirper poundfuel . . . . . . . . . . . . . . 10 12 13 M
Pw?e ntage of a~ailable ener=w per

pmndfrrel . . . . . . . . . . . . . . . ..- . . . . ---- 53
‘1

73 S2 91 103
1

The reason is that in the usuaI mixture ratio run the change in richness is effected by chang-
ing the fuel content of the charge. ” Hence the change in power depends not only upon the
.avaiIabIe energy per pound of fuel but also upon the pounds of fuel available. Taking an illus-
tration from Table H, when the pound fueI per pound air is 0.100, the fueI content of the charge

0.100
2s 0.0667

as great as when the ratio is 0.0666. Although the available energy per pound of

fuel is ordy 53 per cent of that available with the 0.0667 mixture: the corresponding energy

-per unit weight of charge is - 53 or 80 per cent. TVhile Tabla J.I gives a satisfactory pic-

ture from the standpoint of specitlc fuel consumption, Table III is more satisfactory from the
standpoint of power.

TABLE III.

Pound fuel per pound air . . . . . . . . . . . ..[ o.Uxl 0.031 0.m 0.O-iJ o.oil O.C6i
Pormdsairperpmrnd fuel . . . . . . . . . . . . . 10 11 ~ 14 15
Percentage of aw@abIe energy per

porrndair . . ..- . . . . . . ..~ . . . . . . . . . . . . . . SQ 86 91
\ ’95 w ‘m

~i~~es 10, 11, 12, 13, 11, and 15 .&OW Specfic fuel consumption at various percentages

of maximum indicated horsepower. With the exception of three dotted curves in Figure M,
the resdts are all based on tests made at the Bureau of St a.ndards. Aviation enaties of YaQ.ow
ty-pes were used in obtaining the greater portion of these datsi but f our and six cyIinder motor-
=car engines and single-cylinder experimental engines were employed to some extent.

Considering the entire group of cum-es the most striking feature is the smaII difference
between the minimum specfic fuel consumption and the specitk fuel consumption obttiined with
a tit ure impoverished until the power is 95 per cent of its maximum -ralue. Frequently the
actual minimum value is not reached until the power has been reduced to 85 per cent of its
-maximum value. In such cases, howewr, the difference between the specific fuel consump-
tion at 85 per cent and 95 per cent of maximum power is comparatively small wwe the d~-
ference between the specific fuel consumption at 95 per cent and at maximum power is large.
Hence -rery nearly minimum specific fuel consumption may be obtained by dec.reas&D the fuel
cent ent of the charge until the power developed is 95 per cent of its maximum value. After
impoverishing the tit ure to this extent, the margin of safety against fi~~ back into the
.carbureter is still ample provided the en@e possesses a reasonably good distribution system.
From the above information it is evident. that. an engine designed for operation with a mini-
mum specific fuel consumption mi.xh.me should have a piston displacement about 5 per cent
greater than one designed to be operated with a maximum power mixture. It should not be
inferred that there is some peculiar virtue inherent in the 95 per cent value that makks it vastly
superior to 9$ per cent or 93 per cent. In most cases the latter values give sfightly lower
specific fuel consumption but at the cost of an appreciable reduction in the margin of safety
against firing in the intake pipe. All things considered the 95 per cent value appears to be a
satisfactory compromise.

Since, in Figures 10 to 15, the actual values of specitie fuel consumption are separated so
widely, it at fist seems surprising that the 95 per cent value should be so near the minimum in

.—
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e~ery case. TO some extent the mystery disappears ll-.he~ one appreciates the difference be- ‘
tween the effective mixture in the cylinder and the ratio of fuel to air lea-ring the carburetor.
The effective mixture ratio in the c@i.nder is that tixture -which determines ho-w much heat is
Iiberat ed by combustion. GeneralIy speaking, when the re~~t~g increase in temperat~e is a
maximum, the power is a maximum; when the increase in temperature per pound of fuel is a
maximum the specific fuel consumption is a minimum. Obviously, there is a fairly deiinite
relation between the effective mixture ratio for maximum power and that for minimum specfic
fuel consumption and hence a definite relation betw-eeu the power~ dweloped in the two cases.
Actual values of power a~d specific fuel consumption are go~erned by the relation of the actual
to the effecti~e ratio and by the cyclic eflkie~q which determine how much of the heat liberated
ljy combustion is converted into w-ork. Hence such 1.2
ralues are likely to vary between tide limits. Such I

I
-mrifitions do not dlstu.rb the relation between the .

i= *

4 II >1 \l -
effective mixture and the amount of heat liberated $ [.0 —~

$by combustion. Consequently they do not disturb ~
.$111 *II
+60[

the relation between maximum power and the power
~ ~~ ~o~

$0.8 -Q

gi-r~u minimum specific fuel consumption. Q hi I b _701I
Thus far, the mwres for the most part ha-re shown $ ~6 ‘ &ol 1 I $1801t

results based on indicated rather than on brake horse- Q - &l ‘ Ig -J I
power. General relations ha~e been sought and not 4 Oflilll ~oo[ I
values -which wouId change with any change of me-
chanical efficiency. UItirnately, ho-we-rer, minimum

0“4 80 .50 [CO 80 SO /00
..%-ceof of Percenf of

specific fuel consumption on a brake !zorsepomer basis
maximum [R maximum EM%

is desired. Fig. 16 has been plotted to show the ~,oo c&es A-e ~edm i+ oksqo~met~~
FM d-s nof change withch

effect of the mechanical efficiency upon the pounds of
fuel per brake horsepower hour and to aid in convert- $ ~
i%w results from an indicated to a brake horsepower Q ~

basis. ?’i%en a,change in po~er is effected by a cha~~e ~ ~0
in fuel-air ratio the mechanical efficiency changes $

~m
solely because of the change in indicated power,
the friction remaining substantially constant.. Me- $

l.HP– F.EfP fig. [6 Percen? of maxiwm LW
chanieal efficiency= I. HI?

. The lower group
Effect of changes in mechanic&LefEciency upon the ~ercent-

of curves in Figure 16 was obtained by a method age of maxim Un3powerat which the minimum s-c
fuel cmsumption is obtained.

described in Appendk 1. From these curves, the me-
chanical efficiency at any per cent of maximum power can be determined if the efficiency at maxi-
mum power is known. This permits con-rert@~ resuIts from pcmnck of fuel per brake horsepower

hour to pounds of fuel per indicated horsepower hour since pound fuel per I.HP hour
Mechanical efficienc-r =pound

fuel per B.HX’ hour.
.

The upper left-hand portion of Figure 16 gives values of pounds of fuel per brake horsepower
hour corresponding to mechanical efficiencies of 60, 70, SO 90, and 100 per cent at maximum
power. At the right the same ~alues are plotted but in the latter case ~ersus per cent maxi-
mum brake horsepower instead of ~ersus per cent maximum indicated horsepower. Per cenb
J3.HP correspond~~ to any per cent I.HP can be determined from the lower cu.r-res of Figure 16
by multipl.~~ per cent I.HP by the ratio between the mechanimd eficiency at that per cent
I.HP and the mechanical eficiency at masimum power. Figure 16 shows nearly minimum
specific fuel consumption on a B.HP basis aJ.soto be obtained both at 95 per cent of maximum
I.HP and at 95 per cent B.13P- The general applicability of this 95 per cent value can be
explained b-y the fact that there is so little difference between the mechanical efficiencies at
maximum and at 95 per cent of maximum power. From the foregoiq it is concluded that
very nearly minimum specific fuel consumption (per B.HP hour or per 1.33P hour) is obtained
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when the fuel-air ratio k decreased until the power (B .HP or I. HP) is 95 per cent of its
maximum value.

Carburetor engineers may desire to know, for certain of the curves shown in Figures 10
to 16, the relation between the change in fuel conteut of the charge a.ncl the specific fuel con-
sumption, This information can be determined readily as will be evident from the following
analysis:

A = pound fuel per hop at a per ceni of maximum power.
B= pound fuel per hour at b per cent of maximum power.
k = horsepower at maximum power.

&= horsepower at a per cent of maximum power.

&= horsepower at b per cent of maximum power.

G’= pound fuel per I..HP hour at a per cent of maximum power.
D = pound fuel per I.HP hour at b per cent of maximum power.

a?c 100A—.c=A+~= ak

.4

(

100 A:—=.
B ak “%96)=(3:”

This may be stated in words as follows. The ratio of the fuel content of the charge at a
. given percentage of maximum power t.o the fuel content of the charge at some other percentage

of maximum power is equal to the ratio of the products of specific fuel consumption and per
cent power for the two conditions. In general 95 per cent of maximum horsepower is obtained
-when the fuel content of the charge is between 80 and” 85 per cent of that which gives maximum
power.

lZow does faulty distribution a~ect power and specijic fuel consumption ?—Note that the
question does not refer to the cause of faulty distribution but to the effect. In the discussion
which follows, distribution is considered faulty when all cylinders do not receive the same
quality of mixture. Occasionally one cylinder requires a mixture of a quality different from
that of another cylinder, but such a requirement usually testifies to poor engine condition or
design. Attention already has been directed to the di.fkence between the effective fuel-air

%.+ ratio in the cylinder and the ratio of fuel to. air that-leaves the carburetor. The latter ratio
will be ihe one termed mixture ratio throughout the ensuing discussion. Figures 17, 18, and
19, illustrate faulty distribution. The lower curve-of Figure 17 is plotted from experimental
data obtained with a single-cylinder engine. It represents what could be oktained from an
engine having 6 similar cylinders each of which received the same quantity and quality of
charge. The remaining curves show the result when 1, 2, 3, 4, or 5 of the six cylinders receive
a fuel-air mixture whose fuel content is 20 per cent-less than that of the remainder.

All calculations are based on tht assumption that each cylinder when supplied with ti
certain fuel-air ratio develops the IM,E.P.7 show-g by the lower curve of Figure 17 to have
been developed by the single-cylinder engine. In performance tests “measurements are made
of the total weights of fuel and air received by the engine and of the total power clcveloped by
it. Results such as would be obtained from such m.qwurementi under the conditions specified
are shown by the various curves. To illustrate how the curves are derived consider the case
when 3 of the cylinders are 20 per cent lean. These will receive a mixture of fuel and air in

—
T1.M.~. P.-indicated mean effective pressure. . ... . . . .. . . . *
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the ratio 0.8 (0.08) when the other 3 cyIinders receive an 0.08 mixture. The apparent mixt-

ure ratio d be
3(0.8) (0..08) f 3(0.08)

6 which equaIs 0.072. For a fuel-air ratio of 0.8(0.08)=

0.064, the lower curve of l’igure 17 gives an 1.31.E.P. value of 68.8 and for a ratio of 0.08 the

value is 73.4. Hence the apparent I.M.E.P. will be
3(73.4) +3(68.8) ~71 ~

6 . .

The lowest maximum I.M.E.P. for the group of curves shown in Figure 17 is 73.2 while
the highest, obtained with perfect distribution, is 73.8. In Figure 18 are simikdy obfi~ed
curves of specific fu.d consumption. The h&hest minimum specfic fuel consumption is 0.458
while the Iowest, with perfect distribution is 0.432. Figure 19 is a recapittdation of the data

E~ect of chmges in distribution of t-cylinder engine.

.

.

presented in the two previous fi=mes. In this one instance points indicate values from faired
curves instead of experimental data. This has been done in preference to drawing curves -which
would overlap so much as to make it extremely difi5cult to distinguish one from the other. A
change in distribution udess greater than 20 per cent n@ht appear to be of no great moment
since it redts in no great change in either maximum power or minimum specitic fuel con-
sumption. If the fixture could be ind were adjusted c~osely for each change of condition the
above conclusion would be did. In service the tendency is to adjust the mixture so that the
engh~ WU function regukdy over as wide a range of conditions as possible in order to reduce
the frequency with which adjustment-s must be made. An architect pkns a doorway so thati
it will be of adequate size for the tallest and fattest likely to pass through. In much the same
fashion an engine operator is likely to adjust the mixture to be amply rich for any condition
likely to a~ise.

5?201—2~9 *



120 RllPORT NA~lONAL AKWISORYCOKIR1lZTEEFOR AERISNAUTICS.

O / Cy[incier t- ec eives 20% }euner mixture then remainder
{/ f{ ,, ,, (f ,!
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:.7
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Effect of changes in distribution of 6-cylinder engine.
.

In such a case the mixture ratio adjustment would depend upon the leanest cylinder, in
other words it would be such that this cylinder would operate satisfactorily under extreme
conditions. ‘With perfect distribution such an adjustment might result in a considerable -waste
of fuel because it would be likely to provide a fuel-air ratio richer than necessary during the
major portion of the operating time. ~ similar adjustmertt when one of 6 cylinders is 20 per
cent lean w-odd cause the remaining 5 cylinders to be proportionately richer than necessary
throughout the entire range. In such a case the specific fuel consumption might be 20 per cent
greater than that with perfect distribution.

CONCLUS1ONS.

GeneraI conclusions are as follows:
(1) When using gasoline as a fuel, maximmmpower usually is obtained w-ith fuel-air mix-

tures of between 0.07 and 0.08 pounds of fuel per pound of air.
(2) Maximum power is obtained with approximately the same fuel-air ratio over the range

of air pressures and temperatures ordinarily encountered in flight.

(3) ~early mifium specific fuel consumption results from decreasing the fuel content
of the charge until the power is 95 per cent of its maximum value.
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APPEINDIX.

The curves in the lower part of Figure 16 were calculated for a change in mechanical effi-
ciency resuIting from a cha~~e in engine power unaccompanied by a ch~~e in friction. Es-
sentially this condition exists when the fueI-air ratio is cha~~ed and the Ioad on the engine is
adjusted so as to maintain s constant speed.

Let
~= maximum I.KP
B=B.HP -when ~=lXP
C= F.HI? when ~= I.HT
m= mechanical efficiency when ~= I.HP

a= I.HP such that ~ =r
A

b=B.HP -when a =1.HP
c = F.HP when a = KEEP
x = mechanical efficiency when a= LEE

then

b a+=l –;x=–=

a

c= C by assumption

a=l(r

(2=.4-B
B= .+tm
C= A–Arn=A(l–rn)

TTaluesgiven in Figure 16 have been calculated from this relation.
To obtain the group of curves in the upper right-hand corner of Figge 16 it was necessary

to determine percentages of B. ED? corresponding to known percentages of I. HP. The following
analysis shows how this can be accomplished. Let subscript . represent the maximum power
condition and subscript B the condition for which the per cent B.HP is to be determined.

Then

B.HPA = (mech. efic.J (1.HI’J

B. HP. = (mech. effic.J (1.HPJ

B.HP, _I.HP, (mech. fi&B)

B.HP. ‘1. HP. (mech. eEic.J

l.mB the mechanical eficiency can be determined from the lower groupFor any value of ~
A

B.HI’,
of curves in Figure 16. ~ can then be determined from the above equation. The follow-

A
i~* table shows percentages of maximum brake horsepower correspond~m to various percent-
ages of maximum indicated horsepower for conditions -where the mechanical efficiency is 90
per cent, 80 per cent, 70 per cent, and 60 per cent.
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T.ABLE IV.

100
97.8
95.6
94.4
93.4
91.I
88.9
86.6
U. ‘i

m
97.6
95.0
93.9
92.4
w. 1
ST.5
35.0
‘92.6

- —
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